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ABSTRACT 
An experimental program was conducted on A737 grade B pressure 
vessel steel in order to investigate the response of material 
strength and toughness to a strain aging cycle.  The effect of a 
short term stress relief on the mechanical properties was also 
investigated. 
The test results indicate that A737 grade B is somewhat 
sensitive to the strain aging phenomenon.  The straining process 
elevated the yield and tensile strengths anywhere from 20-40 ksi 
(138-276 MPa) above the as received level of 58.3 ksi (403 MPa), 
depending on the percent strain.  Further increases of 5-8 ksi 
(34-55 MPa) were seen after aging for 10 hours at 700°F (370°C). 
This increase in the strength due to aging indicates that a 
strain aging mechanism is present.  For each of the three strain 
levels (2, 5 and 10%) the stress relief of 1150°F (620°C) for 
2 hours lowered the yield stress below the corresponding as-strained 
level, but left it 5-10 ksi (34-69 MPa) above the as-received 
yield strength.  The ultimate strength, on the other hand, showed 
almost complete recovery after stress relief, falling near to the 
initial value of 86.8 ksi (598 MPa). 
Regardless of the prestrain level, the toughness trends 
followed identical patterns.  Uniform strain degraded toughness, 
with maximum toughness losses occurring for the 10% strain level, 
1 
about 90°F (50°C),with the 5% and 2% strains showing losses of 
59°F (33°C) and 48°F (27°C) , respectively.  Aging left the 
toughness after straining virtually unchanged.  After stress 
relief the prestrains of 2% and 5% showed toughness values that 
were better than the as received condition by 77°F and 74°F 
(43°C and 41°C), respectively.  The 10% strain resulted in a 
slight toughness loss of 18°F (10°C) after stress relief.  These 
results showed quite clearly the value of a stress relief heat 
treatment when strain-aging is a potential problem. 
The variable of specimen orientation with respect to the /) 
direction of the prestrain was shown not to be of any significance 
to the strain aging process.  It was also shown that higher 
prestrains increased the sensitivity of the material to strain 
aging. 
The TEM/STEM phase of this study showed Nb(C,N) precipitation 
on dislocation arrays after aging, thereby leading to the conclusion 
that dislocation locking was the mechanism through which the 
strength levels were elevated. 
INTRODUCTION 
Background 
When a new material is developed for use in pressure vessels, 
it is essential that certain characteristics of the steel be 
determined prior to its general application.  Such investigations 
are supported by the Pressure Vessel Research Committee (PVRC) 
of the Welding Research Council (WRC), through the Pressure Vessel 
Steesl Subcommittee of the Materials Division.  The PVRC 
undertook such an investigation into the properties of a micro- 
alloyed steel containing niobium as the principle alloy addition 
when this steel was adopted for use in pressure vessels under 
ASTM specification A737B. 
Over the past few years, a wide range of property related 
characteristics have been determined for this material, including 
1 2 its fracture toughness  and the effects of stress relief on the 
mechanical properties.  As an extension of this work, the 
susceptibility of A737B to strain aging has been studied, since 
the thermomechanical history during fabrication and forming can 
give rise to an artificially created strain aging cycle.  The 
strain aging phenomenon is caused by solute atoms that diffuse to 
and pin dislocations during aging following a plastic strain. 
This pinning action serves to reduce the toughness and elevate the 
3 
yield strength of the steel.   Therefore, this effect needs to be 
investigated since this embrittlement can be a major problem 
3 
during service. 
The sensitivity of A737B to strain aging is related to the 
characteristics of the material, some of which promote strain 
aging and others which inhibit it.  The microstructure of this 
material in the normalized condition is a fine-grained (ASTM #12) 
ferrite-pearlite mix, with the low carbon content being reflected 
in the small volume fraction of pearlite.  This reduced pearlite 
level makes strain aging of the ferrite matrix a potential problem. 
However, niobium is a strong carbonitride former, and these 
4 
precipitates act to inhibit the strain aging phenomenon.   These 
two trends oppose each other, and this investigation into the 
strain aging process will try to determine which of these trends, 
if either, is dominant. 
Microalloyed Steels Containing Niobium 
A737B can be described as a low carbon steel that can be 
used satisfactorily in low temperature, highly corrosive environ- 
ments, in the heat treated condition.   The niobium microalloy 
addition causes grain refinement during the heat treatment of the 
material.  Since A737B is used in the heat treated state, it is 
formed into slabs using conventional rolling practices.   This 
material is attractive for pressure vessel use because the fine 
grain size and low carbon content result in both high strength 
3 
and toughness, along with adequate weldability. 
4 
To produce normalized A737B, the as-rolled slab is reheated 
into the austenite range, held for .5 hours per inch of thickness, 
and air cooled to room temperature.  During the austenitizing 
heat treatment, differing microstructures are seen depending 
on the temperature used, and these differences affect the 
strengthening mechanism for the material. 
The as-rolled ingot usually contains niobium carbonitride 
precipitates that formed as the ingot cooled from the rolling 
temperatures.   During normalizing, the extent to which these 
carbonitrides go back into solution is mainly a function of the 
austenitizing temperature.  For example, if austenitizing is 
performed at 900°C most of these precipitates will remain 
undissolved.  If higher temperatures are used, in the range of 
1250°C, many of the precipitates from the rolling process will 
dissolve and enter solid solution in the austenite. 
On cooling to room temperature after austenitizing in the 
range of 900°C, the resulting microstructure consists of fine- 
grained, equiaxed ferrite with small islands of pearlite.  The 
fine grain size is directly related to the fact that the niobium 
carbonitride precipitates which did not dissolve acted to refine 
the austenite grain size by pinning the grain boundaries.   This 
results in fine grained ferrite on cooling since the austenite 
boundaries are prefential nucleatiort sites for the lower 
transformation product.  On the other hand, if austenitizing is 
carried out at 1250°C, many of the precipitates dissolve into 
solid solution.  This causes a significant amount of austenite 
grain coarsening, and a corresponding coarse ferrite.  On cooling 
these carbonitrides reprecipitate and lead to dispersion hardening 
of the ferrite matrix.   This precipitation occurs because the 
solubility of niobium in ferrite is much lower than the 
3 
corresponding solubility in austenite. 
From this analysis it is apparent that the strengthening 
mechanisms in A737B can be quite different, depending on the 
austenitizing temperature used.  At the lower end of the temperature 
range, strengthening is mainly accomplished by grain refinement, 
while precipitation hardening accounts for strengthening at higher 
heat treatment temperatures.  It should be obvious that when 
strengthening occurs by grain refinement the toughness is not 
degraded.  However, normalizing at high temperatures does lower 
material toughness because of the coarse grain structure. 
While the generalities given above are accurate, it should be 
noted that the cases given are the extremes and the behavior is 
idealized.  In actual practice, at any given austenitizing 
temperature both of these strengthening effects are seen, with the 
magnitude of each varying as the temperature is changed. 
6 
The normalizing heat treatment is generally carried out at 
900°C to avoid the grain coarsening that occurs at the higher 
temperatures.   Therefore, in these steels we see strengthening 
due primarily to grain size refinement, with precipitation 
hardening due to niobium carbonitride precipitation and solid 
solution strengthening from manganese being minor constituents to 
the total strengthening mechanism.   Since grain refinement acts 
to elevate both strength and toughness, the carbon content in 
A737B is kept low in order to improve weldability.  This increased 
weldability without a strength loss due to the low carbon content 
is another advantage that high strength low alloy steels offer 
to pressure vessel fabrication. 
The lower carbon content also reduces the amount of pearlite 
present in the microstructure, and refines the individual 
pearlite colonies that do form.   This reduction in pearlite also 
acts to increase the toughness of the material.  Further increases 
are obtained when the sulfur level is kept low and when sulfide 
3 
shape control is utilized. 
Strain Aging 
Strain aging is a phenomenon that causes the yield strength 
of a steel to increase due to the locking of dislocations 
Q 
following a prestrain and an aging heat treatment.   Strain aging 
can either be dynamic or static, depending on whether the 
straining and aging processes occur simultaneously or in series. 
7 
For the purposes of this study, only the static case was examined 
experimentally, and therefore only this type will be discussed 
here in detail. 
The phenomenon is caused by the interaction of interstitial 
Q 
solute atoms, mainly carbon and nitrogen, with dislocations. 
These elements possess high diffusion coefficients and have the 
ability to lock dislocations quite easily by diffusing to them 
during aging.  As carbon and nitrogen are removed from 
the steel, the strain aging effect is reduced and eventually 
4 
eliminated completely.   The best way to visualize the effects 
that strain aging has upon the mechanical properties of a steel 
is through the use of a stress-strain diagram.  Figure 1 shows 
P 
a stress-strain curve for a mild, normalized steel.   After 
initial loading to point A, and then unloading, a certain amount 
of plastic deformation remains as a prestrain.  If the sample 
is retested immediately, the curve shows an extended elastic 
zone up to point A.  The curve then progresses exactly as if 
the unloading excursion had not occurred.  Also note that the 
lower yield extension is not seen during the second loading cycle. 
However, if the specimen is unloaded and allowed to age 
either at ambient or elevated temperatures, the lower yield point 
is again seen on reloading.  Furthermore, it occurs at a 
higher level than the flow stress that prevailed at the end of the 
prestraining operation.  This increase in yield strength after 
aging is the most universal indication of the strain aging process. 
Strain aging may also elevate the ultimate tensile strength and 
lower elongation and reduction in area, but these trends are not 
always seen. 
These general trends in material behavior during strain 
aging can be explained in terms of a four step model proposed 
9 10 by Wilson and Russel '   that considers the interactions between 
solute atoms and dislocations. 
In stage 1 of this process, the solute atoms migrate during 
aging to the dislocations and form Cottrell atmospheres thereby 
locking the dislocations.  As the aging progresses, the number 
of solute atoms near the dislocations increases, and stage 2 
behavior is seen as precipitates form on the dislocation arrays. 
In stage 3, the precipitates grow larger and strain hardening 
progresses at an accelerated rate.  In stage 4, overaging 
is observed as the precipitates coarsen; as a result the material 
Q 
softens.   This theory's main assumption is the formation of 
precipitates on dislocations.  This is plausible because ferrite 
o 
is supersaturated with carbon and nitrogen , and the dislocations 
act as preferred nucleation sites for the precipitates. 
4 
From the standpoint of the mechanical properties , stage 1 
corresponds to an elevation in the yield point.  When aging 
progresses into the second stage, the entire stress-strain curve 
is elevated, leading to increases in both the yield and ultimate 
9 
strengths while lowering the total elongation and reduction in 
area.  Stage 3 shows a continuation of these trends, with the 
strain hardening coefficient also increasing.  In stage 4, 
overaging occurs and the associated softening of the material 
is observed. 
This theory by Wilson and P.ussell has been quantitatively 
Q 
verified experimentally  and the predicted trends in the mechanical 
properties are observed.  However, their theory is largely 
11 12 qualitative, and some researchers  '   have undertaken detailed 
mathematical studies to explain the mechanisms and kinetics of 
dislocation locking and precipitate formation in greater detail. 
The strain aging process and its effects can also be 
influenced by external variables like the aging temperature, 
4 
prestrain, and prior heat treatments.   As the aging temperature 
is increased, the rate of aging is accelerated but the maximum 
strength levels reached are virtually independent of the aging 
4 
temperature.  Proper heat treatments influence strain aging by 
influencing the amount of carbon and nitrogen that is put into 
solid solution.  In general, any treatment that increases the 
amount of these solutes in solution at the aging temperature 
4 
will increase the materials sensitivity to straxn aging. 
The discussion of prestrain will be limited to tensile 
strains, with the orientation of strain being changed after aging. 
When the sample is tested longitudinaly to strain, a rapid 
10 
4 
return of the lower yield point is seen.   If the orientation is 
transverse to strain, this return is slowed, and it takes longer 
times at the aging temperatures to generate the elevated yield 
point behavior.  Furthermore, the amount of tensile prestrain has 
only a small effect on the change in the yield point produced by 
aging.  But, at higher prestrain levels, greater yield points and 
ultimate strengths are obtained.  In other words, the as-strained 
and the strained + aged strength levels at any given strain are 
not expected to vary greatly. 
But while these external variables can influence the strain 
aging process and its effects, the chemical composition is the 
critical factor that determines whether the material will be 
susceptible to strain aging. 
When analyzing a material with respect to its propensity 
to undergo strain aging, the alloy elements can be divided into 
two classes; those that lock dislocations through diffusional 
mechanisms causing strain aging to occur, and those elements that 
can influence the process by controlling the concentration of 
the solute atoms in the first group. 
The elements carbon and nitrogen almost exclusively make up 
the first group.  These two elements are effective in producing 
strain aging in steels because they both possess the following 
4 
three characteristics. 
11 
1 - a high solubility limit in ferrite at 
most aging temperatures. 
2 - a high diffusion coefficient, making 
atom movement rapid. 
3 - a strong ability to lock dislocations. 
Specifically, nitrogen induced strain aging is dominant at 
relatively low aging temperatures (about 200°C and below) while 
Q 
carbon is the main cause at elevated aging temperatures , and 
this fact is directly related to the solubility of these elements 
in ferrite at the aging temperature of interest. 
Nitrogen induced strain aging depends upon the availability of 
nitrogen that is not combined as a nitride.  If such free nitrogen 
is available, strain aging occurs readily, with only very small 
amounts of nitrogen being needed to produce the effect.  The 
amount and degree of strain aging that is seen depends only on 
the aging temperature and not on any prior heat treatments in the 
8 ferrite range. 
Carbon can produce strain aging in steels, but the equilibrium 
solubility in ferrite at low temperatures is quite low.  Therefore, 
carbon causes much less strain aging in the low temperature regime 
of 0 - 200°C, as compared to nitrogen.  But strain aging at low 
temperatures can still occur if the steel is rapidly cooled from 
austenite in order to keep carbon in a supersaturated solid 
solution.  In general, however, Fe^C is much more stable than 
Fe.N and this causes there to be much less free carbon in the 4 
ferrite.  Therefore, strain aging due to carbon is not as readily 
4 
seen as the nitrogen induced variety.   This generalization has 
12 
exceptions as the aging temperature changes, but in the low 
temperature range it is quite valid. 
While carbon and nitrogen are the two major elements causing 
strain aging to occur, other elements can influence the degree 
to which it occurs. 
The first group of elements to consider are those that go into 
solid solution in steel without interaction strongly with either 
carbon or nitrogen.  Among these elements, Cu, Ni, Mn, and P 
are the most prominent and none of these are thought to exert any 
4 influence on the strain aging process.   Of these elements, only 
Q 
manganese has been shown to be a weak nitride former  and it 
therefore may behave weakly as a strain aging inhibitor at low 
aging temperatures, but the effect is minimal at best. 
The second class of alloy additions to consider is the 
nitride formers like aluminum, silicon, and boron.  These elements 
form stable nitrides and if these precipitates form, they act to 
decrease the tendency for low temperature strain aging by lowering 
the free nitrogen level.   However, even when nitrogen is 
precipitated out by nitride formers, high temperature strain 
aging may still occur due to free carbon in the ferrite. 
4 
The data concerning carbide formers is quite limited , 
but what is available seems to indicate that carbide formers 
like Mo show no propensity to either accelerate or retard strain 
aging at normal aging temperatures. 
13 
The last class to be considered are those elements that form 
both stable carbides and nitrides, for example vanadium.  If 
sufficient percentages of these elements are present, both the 
free carbon and nitrogen may be combined, leaving virtually none 
of these elements in solid solution.  Therefore, during aging 
no dislocation locking occurs and the strain aging sequence is 
4 
eliminated. 
This case is rare in practice, and the more usual case is 
when some, but not enough of these alloy elements are present. 
In this more common case, not all of the carbon and nitrogen are 
combined as carbonitrides and, therefore, some strain aging will 
occur.  The extent to which it progresses will depend on the 
balance between the amount of carbides and nitrides that form 
and on the aging temperature selected.   In A737B, niobium is the 
major microalloy element.  It acts as a grain refiner and strengthens 
the steel.  But the niobium is also a potent nitride former and 
should reduce the strain aging effect.  In a previous study , 
.36% niobium was needed to eliminate strain aging during an aging 
treatment at 250°C. 
One goal of this current investigation is to determine the 
susceptibility of A737B to this phenomenon, and to compare these 
expected trends with those that are experimentally observed 
when the material is subjected to a strain aging cycle. 
14 
Stress Relief 
Stress relief heat treatments involve heating a finished 
piece to an elevated temperature below the lower critical (A-.), 
holding for a predetermined time and cooling at a controlled rate. 
Stress relief is commonly employed in pressure vessel fabrication 
for many reasons, including reduction of residual stresses and 
the enhancement of weld heat affected zone toughness.  However, 
while stress relief imparts many benefits, it can also lead to a 
2 degradation in the mechanical properties of the vessel.   A 
reduction in the yield and ultimate strengths may result, along 
with an increase in the Charpy transition temperatures as a result 
of a stress relief heat treatment. 
The degree to which these mechanical properties change depends 
largely on the time and temperature of the stress relief heat 
treatment with the actual mechanism by which stress relief 
embrittlement occurs being a combination of several factors like 
carbide coarsening and dislocation locking.  According to the 
2 
work done by Shinohe  at Lehigh University, A737B was susceptible 
to stress relief embrittlement, with the operative mechanism being 
carbide coarsening.  Shinohe observed a considerable loss in both 
strength and toughness after stress relief at 1150°F (620°C). 
For example, after 30 hours at 1150°F (620°C) upward shifts in 
transition temperatures of 86°F (30°C) were noted along with an 
8 ksi (55 MPa) drop in both the yield and ultimate strengths. 
15 
While this stress relief study was performed on normalized 
A737 grade B with no consideration being given to a strain aged 
state, the implications of Shinohe's work are quite clear.  If a 
stress relief embrittles the material, then the effects of such a 
heat treatment on the strain aged condition must be investigated 
to determine if the stress relief had any detrimental effects on 
the mechanical properties. 
Therefore, the final aspect of this research program was to 
examine the effect of a short term stress relief on A737 grade B 
following the strain aging cycle. 
Review of Experimental Objectives 
The main objective of this study is to determine the degree 
to which normalized A737 grade B is susceptible to strain aging. 
The effect of a short term stress relief heat treatment on the 
strain aged condition will also be studied and these results will 
be compared to previous work done in this area at Lehigh University. 
The mechanical properties of A737B, in both the as received 
and strain aged state, will be analyzed and from this conclusions 
will be drawn that can be applied to the pressure vessel fabrication 
industry. 
16 
,  EXPERIMENTAL PROCEDURES 
Materials 
The material for this investigation was furnished by Lukens 
Steel Company and it meets the specification for A737 grade B 
pressure vessel steel.  Specifically, the steel is Lukens low sulfur 
"frostline" grade.  The exact composition is given in table 1. 
The material was received in the quenched and tempered 
condition with initial dimensions of 55" x 37.5" x 4" (139cm x 
95 cm x 10 cm).  From this slab, thin plates with dimensions 
18" x 9" x .625" (46 cm x 23 cm x 1.6 cm) were cut through the 
thickness and then stamped for easy identification.  The top and 
bottom sections were discarded to minimize any possible through- 
thickness variation in properties.  Figure 2 shows the orientation 
of these cuts with respect to the initial slab. 
To obtain normalized material for the strain-aging 
investigation, the thin sections were normalized at Lehigh in a 
forced air furnace.  The plates were held at 1650°F (900°C) for 
30 minutes per inch of thickness followed by an air cool.  The 
plates were heat treated two at a time with a chromel-alumel 
thermocouple between the plates to moniter temperature.  The 
furnace was maintained at 1670°F + 30°F (910°C + 16°C), while 
the actual plate temperature was controlled to 1650°F + 10°F 
(900°C + 5°C). 
17 
Samples of both the quenched and tempered and normalized 
material were saved for metallographic examination.  Rockwell 
hardness was also taken on both materials.  The results are given 
in table 2. 
Metallography 
Square sections .25" x .25" (.64 cm x .64 cm) of both 
materials were mounted in bakelite and prepared metallographically 
according to standard laboratory practices.  Samples for 
examination were taken in longitudinal and transverse orientations 
with respect to the rolling direction. 
The mounted specimens were ground flat on a 240 grit wet belt 
sander.  Fine grinding was performed on 240-320-400-600 grit SiC 
papers, with the final polishing operation including 1, .3, .06 
micron alumina polishing wheels.  Adequate cleaning with water and 
ethanol was done between each step. 
After final polishing the samples were etched in 1% Nital for 
10 seconds followed by 1% Picric etch for another 10 seconds. 
Microscopic examination was performed on a Zeiss Axiomat metallo- 
graph.  Poloroid PN55 black and white film was used to record the 
images.  The resulting microstructures are given in figure 3. 
Strain Aging Sequence 
The following conditions were examined in both transverse and 
longitudinal orientations to the strain direction, giving a total 
18 
of 22 test conditions. 
Condition Straining 
1 None 
2 None 
3 None 
4 None 
5 2% 
6 2% 
7 2% 
8 5% 
9 5% 
10 5% 
11 10% 
12 10% 
13 10% 
Agin£ Stress Relief 
None 
370°C - 10 hr 
370°C - 10 hr 
None 
None 
370°C - 10 hr 
370°C - 10 hr 
None 
370°C - 10 hr 
370°C - 10 hr 
None 
370°C - 10 hr 
370°C - 10 hr 
None 
None 
620°C - 2 hr 
620°C - 2 hr 
None 
None 
620°C - 2 hr 
None 
None 
620°C - 2 hr 
None 
None 
620°C - 2 hr 
After the normalizing heat treatments, the plates to be used 
in the strain aging sequence were cut into 3" (7.6 cm) wide strips 
as shown in figure 4.  The two different orientations, Cl and C2, 
with respect to the rolling direction were needed in order to test 
all 22 conditions.  Each strip was machined into a rectangular 
bulk tensile bar with the dimensions given in figure 5. 
For each prestrain level, six strip tensile bars (3 each in 
the Cl and C2 orientations) were needed to satisfy the strain, 
strain/aging, and strain/aging/stress relief conditions for both 
the transverse and logitudinal orientations. 
The required tensile engineering prestrains of 2, 5, and 
10 percent were applied to the strips using a 100,000 pound Tinius- 
Olsen testing machine.  Scribe marks were made every 1" (2.54 cm) 
across the gage length prior to straining in order to facilitate 
the calculation of the desired strain level.  It should be noted 
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that the prestrains were fairly uniform across the gage length, 
with the variations being limited to 2 + .2%, 5 + .5%, and 10 + 1%. 
The post-strain heat treatments consisted of aging and stress 
relief cycles.  The aging cycle was carried out at 700°F (370°C) 
for 10 hours followed by an air cool.  Stress relief was performed 
at 1150°F (620°C) for two hours with a furnace cool at a rate of 
30°C per hour down to 300°C, then air cooled from this temperature. 
Both heat treatments were performed in a forced air furnace. 
After each strip received the required strain and heat 
treatments, standard tensile and charpy impact specimens were 
machined from the large strips, as shown in figure 6.  As can be 
seen from this figure, all the specimens were transverse to the 
rolling direction while the orientation to the strain was either 
transverse or longitudinal. 
Mechanical Testing 
Tension Testing 
Standard .25" (6.34 mm) buttonhead tension specimens were 
machined such that they were oriented transverse to the rolling 
direction and longitudinal to the tensile prestrain.  The specimens 
had a 1" (25.4 mm) gage length, and the ASTM E8 specification was 
followed in all testing.  The tests were performed at room 
temperature on a 10,000 pound (44.5 KN) Instron Universal testing 
machine, with the crosshead and chart speeds being .05 inches 
(.125 cm) and 2 inches (5.1 cm) per minute, respectively.  An 
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extensometer was used to measure the elongation past the yield 
point, thereby allowing the .2% offset yield point to be measured. 
For each specimen, a load vs. displacement record was made on an 
x-y recorder. 
For each specimen the .2% offset yield strength was calculated, 
and the ultimate tensile strength was determined from the maximum 
load.  Percent reduction in area and percent elongation were 
calculated by fitting together the two pieces of the specimen and 
measuring the final diameter and gage length with vernier calipers. 
Impact Testing 
Standard type A impact specimens were machined in both 
transverse and longitudinal orientations with respect to strain for 
each of the 22 test conditions.  Testing was done on a calibrated 
320 ft-lb (325 J) SATEC SI-1 impact machine according to ASTM 
specification E23. 
Specimens were tested over a temperature range from 68°F to 
-320°F (20°C to -196°C) using a mechanically stirred dimethyl- 
butane/liquid nitrogen bath.  Each bar was held at temperature 
for 10 minutes prior to testing, and the test was run within five 
seconds after removal from the bath.  The energy absorbed on 
impact was recorded from the gage built into the machine, and 
lateral expansion was measured by the use of a dial gage placed 
along the edge of the broken charpy bar. 
21 
TEM Investigation 
A transmission electron microscope (TEM) investigation into 
the carbide morphology during the strain aging sequence was under- 
taken with the following four conditions being chosen for study. 
1 - As Normalized 
2 - As Normalized + Aging 
3 - 10% Strain 
4 - 10% Strain + Aging 
Wafers .012" (.31 mm) were cut off the broken charpy bars 
using a Buehler diamond saw.  Circular disks .12" (3 mm) in 
diameter were then made from these wafers through the use of a 
mechanical punch.  These disks were thinned on 600 grit SiC paper 
to a final thickness of .003" (.076 mm) in preparation for jet 
polishing. 
A jet polishing solution of 5% perchloric acid in ethanol 
and liquid nitrogen was used to produce the electron transparent 
foils.  The jet polishing solution was cooled to -76°F (-60°C) 
and the voltage used was 105 volts with a polishing current of 
12 ma.  Foil examination was performed on a Phillips 400 electron 
microscope. 
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RESULTS 
Mechanical Testing 
The tensile and charpy v-notch test data given in tables 3 
and 4 indicates that A737 grade B shows some sensitivity to the 
strain aging phenomenon, even though certain anomalies with 
respect to classical strain aging were seen. 
The tension test data resulting from the straining, aging 
and stress relief treatments are shown in table 3 and figure 7. 
As the sequence of straining, aging, and stress relief progresses 
at a given prestrain, the yield and tensile strengths increase 
with aging, and then decrease when stress relief is performed. 
However, thermal stress relief did not result in the restoration 
of the original as-normalized strength levels.  Specifically, at 
any prestrain (2, 5 or 10%) the yield strength remained above the 
normalized level, with the ultimate tensile strength showing 
almost complete recovery. 
Furthermore, for a given heat treatment, the strength levels 
increased as the percent prestrain was increased, with the 
increases in the yield strength being greater than the correspond- 
ing increases in the tensile strength.  Tensile elongation showed 
the expected reciprocal behavior with respect to strength, while 
reduction in area displayed no consistent trend. 
The general trends in toughness, seen in table 4 and 
figures 8 - 11, are the same regardless of the strain level. 
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Uniform prestrain degraded toughness, and aging slightly recovered 
some of this toughness loss.  At the lower strain levels (2 and 5%) 
the toughness after stress relief was better than the initial 
normalized condition.  Similarly, the 10% strain level showed 
only slightly worse toughness than the normalized state.  Maximum 
toughness losses occurred for the 10 percent prestrain, about 90°F 
(50°C) while the 5 and 2 percent prestrains showed losses of 59°F 
(33°C) and 49°F (27°C) respectively.  The transition temperature 
curves based on energy absorbed and lateral expansion for all the 
test conditions were plotted with the aid of a computer program 
that utilized a least squares fit of a sigmoidal curve through 
the data.  These plots can be found in figures 12 - 33 of this 
report. 
The variables of specimen orientation to the direction of 
strain, and the amount of strain were also studied during this 
test program.  Specimen orientation to the strain direction 
appears to be of little importance with respect to the strain 
aging phenomenon.  Figures 10 and 11 show the relative effect 
of specimen orientation on toughness during strain aging.  As 
can be seen, the differences in toughness levels for the strain 
and aging treatments in each orientation are small and random, 
leading to the conclusion that the material possesses minimal 
toughness anisotropy with respect to the direction of strain. 
While orientation had no major effect as indicated above, 
the amount of prestrain did have a definite impact on the strain 
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aging phenomenon.  As the percent strain increased to the 10% 
limit, the sensitivity to strain aging increased for both strength 
and toughness.  It should also be noted that aging temperature 
has been shown to not be a significant parameter with respect to 
strain aging, increasing only the rate of strain aging but not 
the magnitude of changes in strength and toughness. 
Metallography 
Figure 3 shows photomicrographs of the microstructures of 
the quenched and tempered, and the normalized A737 grade B material 
at 100 and 250 magnification.  The normalized low sulfur material 
shows a mixed structure of equiaxed ferrite with pearlite as the 
minor constituent.  The ferrite grain size is quite small 
(ASTM #12) due to niobium carbonitride precipitates which remain 
undissolved during austenitizing at 1650°F (900°C). 
Also note that due to the high percent manganese in A737 
grade B the slight banding of the ferrite and pearlite that is seen 
in figure 3b isn't totally unexpected.  Furthermore, it does not 
appear that this banding had any detrimental effect on the 
materials mechanical properties. 
Transmission Electron Microscopy 
The TEM investigation consumed a great deal of time and 
effort and revealed little information useful in determining the 
reasons for the observed trends in the mechanical properties. 
The main difficulty that prevented any correlations from being 
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was the fact that the carbide morphologies in the conditions that 
were studied showed no discernable differences, either in carbide 
size or distribution.  The only meaningful observation that was 
made was the fact that the strain and aged condition did show 
some Nb(C,N) precipitation on dislocation arrays, indicating a 
strain aging mechanism at work.  Also, increased strain caused 
the dislocation density to increase. 
This dislocation locking accounts for the elevation of the 
yield and tensile strengths after aging (figure 7).  This 
observation, coupled with the exceptionally fine grain size of 
this material may be the reason why the aging treatment elevated 
the yield strength without degrading material toughness. 
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DISCUSSION OF RESULTS 
The response of material toughness to the aging and stress 
relief heat treatments constitutes the most significant and unusual 
result of this study.  As is evident from figures 8 and 9, the 
straining cycles produced the maximum degradation of material tough- 
ness, with aging having almost no effect.  Based on the reciprocal 
relationship between strength and toughness, an additional toughness 
loss during aging was expected due to the observed strength 
increment brought about by aging (figure 7).  However, there is 
evidence from a previous study by VonKratman  that seems to 
indicate that this trend is not totally unexpected.  VonKratman 
showed that much of the total increase in the ductile-brittle 
transition temperature in a niobium containing steel was observed 
after straining, with the aging treatment leaving the toughness 
o 
virtually unchanged.   While this shows that the observed trend 
in A737B is consistent, it does nothing to explain why.  Therefore, 
while the material behavior satisfies the "classical" definition 
4 
of strain aging  in that the yield point was elevated, the 
toughness response of the material is unusual enough to indicate 
that some other mechanisms besides classical strain aging may be 
at work. 
One possible explanation for the better than expected tough- 
ness in the aged state is the fact that A737B has such a fine 
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grain size that the beneficial effects from this dominate the 
embrittling effects of the aging treatment, leading to a strength 
increment due to Nb(C,N) precipitation on dislocations during 
aging without appreciable toughness losses.  The TEM study was 
designed to investigate this possibility along with analyzing 
the effects of the heat treatments on the carbide morphologies. 
Another interesting result is the toughness response to 
the stress relief heat treatments.  Previous studies done at 
2 
Lehigh  seem to indicate that a residual toughness loss in A737B 
may be expected after a short duration stress relief.  The 
current work, however, showed that A737B exhibits post-stress 
relief toughness that is actually better than the as-normalized 
condition.  Only at very high prestrains is a residual toughness 
loss seen after stress relief, as compared to the normalized 
state.  It should also be noted that the yield and ultimate 
strengths dropped on stress relief, and this trend is expected. 
At present, no satisfactory explanation has been found for this 
effect, but it seems to be a genuine material response due to 
its reproducibility in the laboratory. 
TEM Investigation 
While no direct correlations between structure and properties 
could be drawn, some observations were made, and are worthy of 
discussion.  The as-normalized condition showed a bimodal carbide 
size distribution (figures 34 and 35) with the small precipitates 
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being more numerous and more homogenously distributed throughout 
the matrix.  This indicates that the large precipitates are those 
that formed during rolling, and remained undissolved during the 
subsequent austenitizing heat treatment.  Further, these undissolved 
precipitates also undoubtedly underwent a coarsening process during 
the austenitizing.  This coarsening accounts for their exceptionally 
large size.  The smaller precipitates represent those that formed 
during cooling from the austenitizing temperature, leading to the 
observed homogeneous distribution. 
Furthermore, it was expected that precipitation on grain 
boundaries would be seen to a major extent, however, no such 
precipitation was seen to any significant degree.  A slight dis- 
location structure was seen in the normalized foils, but these 
dislocations were present as artifacts from the foil preparation 
techniques. 
A STEM analysis revealed that both precipitate sizes are 
niobium carbonitrides, with the large precipitates containing 
a greater percentage of the major alloy elements, like Nb, Al and 
Cu.  It was also noted that the matrix seems to be devoid of any 
significant amounts of alloy elements. 
The normalized and aged condition yielded TEM/STEM results 
that closely mirrored those obtained in the as received condition, 
with only a few differences being seen.  Primary among these 
differences is the presence of precipitation of Nb(C,N) on the 
dislocation arrays (figures 36 and 37).  Such precipitation was not 
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seen in the as received condition, leading to the conclusion that 
a dislocation locking mechanism is at work during the aging 
process.  However, this dislocation locking cannot be called 
strain aging, because the dislocation tangles that are present 
were introduced during the foil preparation process. 
Other than this observation the aged condition revealed a 
bimodal precipitate size distribution with a few large and many 
small precipitates being seen for the same reasons given above. 
A STEM analysis again showed that the large precipitates contained 
the majority of the alloy additions. 
The effect of 10% strain on the normalized material was 
examined next.  These foils showed a dramatic increase in the 
dislocation density relative to the as received condition (figure 38) 
The precipitate distribution is seen to be bimodal, with the finer 
precipitates being homogenously distributed throughout the matrix 
(figures 39 - 42).  The STEM results showed the same alloy distri- 
bution as was previously seen, with the majority of the niobium 
being in the precipitates and not in the matrix. 
In the foils from the 10% strain with an aging treatment 
(700°F (370°C) for 10 hours) a definite strain aging phenomenon 
was observed.  Fine precipitates of Nb(C,N) were seen to form on 
the dislocation tangles (figures 43 - 47).  The white spots in the 
figures indicates locations from which precipitates were 'pulled 
out' during specimen preparation.  This precipitation shows that 
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a dislocation locking process occurs during aging, causing the 
yield and tensile strengths to increase.  The fact that the 
material toughness increased slightly after aging was not 
explained through the TEM study, but it is supposed that the 
fine grain size of A737 grade B contributed to this phenomenon. 
Practical Aspects of the Investigation 
From a practical standpoint, the results of this investigation 
can be applied to current pressure vessel fabrication philosophy, 
with some extremely important correlations being seen. 
13 According to the pressure vessel design code  , strains during 
forming of 2-3% are not uncommon, and even accepted.  Furthermore, 
low temperature aging may occur either during subsequent forming 
operations, or while the vessel is in service.  It was the goal of 
this investigation to examine the effect of strain and aging on 
the mechanical properties of A737B.  A short tei.nr stress relief 
performed on the strain-aged condition was also examined, since 
this heat treatment is commonly seen in actual commercial 
fabrication practice. 
The results of this study showed that the worst toughness loss 
was incurred after straining, with aging being nearly insignificant 
with respect to material toughness.  At strain levels near 2%, which 
are most often seen in practice, it was seen that strain aging 
is not a serious problem if it is followed by a short duration 
stress relief.  In fact, as can be seen in figures 8 and 9, the 
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toughness after stress relief is better than the original 
as-received condition, showing 36°F (20°C) gain.  Furthermore, 
the stress relief did not seriously degrade material strength 
(figure 7). 
It should also be noted that even if the strain level is 
more severe, 10% for example, figures 8 and 9 point out that only 
a slight touthness loss 18°F (10°C) is seen if a stress relief treat- 
ment is applied following the strain aging cycle. 
Therefore, while a stress relief in this material may be a 
2 
potentially embrittling process in certain cases , a short term 
stress relief seems to be quite beneficial in restoring toughness 
losses due to strain aging without drastically reducing strength 
levels.   For this reason, such a treatment is recommended for 
general use in the fabrication of vessels where strain aging is 
a concern. 
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CONCLUSIONS 
The conclusions from this investigation can best be 
summarized as an enumerated list. 
1. A737 grade B shows some sensitivity to the strain aging 
phenomenon, although certain specific differences from 'classical 
strain aging' were seen.  The major anomaly was the fact that 
the aging treatment elevated the strength levels, while leaving 
toughness unchanged. 
2. The observation of increased strength levels after aging, 
with no corresponding toughness loss can be explained in light 
of the observations made in the TEM.  Precipitation on strain 
induced dislocations was seen, accounting for the increased 
strength.  Since the grain size of the material is exceptionally 
fine, the beneficial effects of this on toughness outweigh 
the negative effects that accompany the dislocation locking 
process.  Hence, increased strength with no toughness loss was 
observed. 
3. The .025% Nb present in A737B acts to inhibit the strain 
aging phenomenon by refining the grain size, but it does not 
eliminate the process entirely. 
A.  The post stress relief toughness at the lower strain 
levels (2% and 5%) was actually better than the as-received 
condition, while at the more severe 10% strain level a residual 
toughness loss of 18°F (10°C) was seen.  From this observation 
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it was concluded that a short term stress relief heat treatment 
is beneficial when strain aging is a potential problem. 
5. A737B was shown to possess minimal toughness anisotropy 
with respect to the strain direction. 
6. Increasing amounts of prestrain was seen to increase the 
susceptibility of A737B to strain aging. 
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TABLE 1 - CHEMICAL COMPOSITION OF 
LUKENS LOW - SULFUR 
FROSTLINE A737B * 
ELEMENT WT. % 
C Ak 
Mn \ .hk 
P .009 
S .006 
Cu .27 
Si .19 
Ni .28 
Cr .22 
Mo .09 
Al .03 
Nb .025 
-Data Courtesy of Lukens Steel Co. 
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TABLE 2 - ROCKWELL B HARDNESS 
OF A737 GRADE B 
CONDITION R_ 
 _—— —g 
Quenched & Tempered 91 
Normali zed 88 
(Rockwell B values are averages of hi   readings) 
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TABLE 3 - TENSION TEST DATA FOR A7 37 GRADE 3 
Condition Yield Strength | Tensile Strength 
MPa    (Ksi) ;  MPa     (Ksi) 
2E1 
(1" Gage) 
Z&A 
1) As received (0" Strain) 403 (53.5) 598 (86.3) 30.1 60 
0" + Age 430 (62.3) 593 (86.0) 29.6 71.3 
0" + Age + Stress Relief 416 (60.3) 557 (80.3) 32.2 71.3 
0"  + Stress Relief 413 (59.9) 549 (79.5) 33.0 72.3 
2) 17.  Strain 485 (70.41 608 (33.2) 29.2 67.0 
2" + Age 531 (77.1) 619 (89.3) 23.0 67.7 
2" + Age + Stress Relief 430 (62.3) 564 (81.7) 32.0 71.4 
3) 5" Strain 570 (82.7) 620 (90.0) 25.9 65.4 
531 + Age 610 (88.4) 653 (94.7) III 66.2 57. +■  Age + Stress Relief 461 (66.3) 572 (83.0) 66.9 
4) 107.  Strain 632 (91.6) 643 (93.3) 21.9 64 
10" + Age 667 (96.3) 694 (100.7) 20.5 65.6 
10* + Age + Stress Relief 524 (76.0) 616 (89.3) 25.0 
i 
65.3 
1) 
2) 
3) 
4) 
5) 
Specimen Orientation: 
Transverse to Rolling Direction 
Longitudinal to Strain 
Cross Head Speed:  .05 IPM 
Chart Speed:  2.0 IPM 
Heat Treatments: 
a) Age:  10 hrs at 371°C (7C0°n 
b) Stress Relief:  2 hrs at 621°C (1150°F)  (Cooling Rate 30°C/Hr) 
Variation in Pre-strain: 
a) 17.  + .2" 
b) 5" + .5;: 
c) 10" + 1.0" 
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FIGURE 1-  STRAIN   AGING    EFFECTS   ON 
MECHANICAL     PROPERTIES 
STRAIN-AGED LOWER 
YIELD EXTENSION 
ELONGATION 
Load/elongation curve for low-carbon steel strained to 
point A, unloaded, and then re-strained immediately 
(curve a) and after aging (curve b). 
AY = Change in yield stress due to strain-aging 
AU = Change in UTS due to strain-aging 
AE = Change in elongation due to strain-aging 
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FIGURE 2-   PLATE    SECTIONING   DIAGRAM 
1   A 
<? 
<? 
2  0 
<7 
A 
<? 
8 
10 
A 
0 
A 
$ 
3 7.5 
a-TOP    VIEW 
I95.3cml 
5 
(13 
5 
9.7 cm) 
10 
«*-+> 
18 
(45.7 cm) 
r9" 
(22.9 cm] 
4 
(10.2 cm) 
b- EDGE    VIEW 
TOP 
.75 1.9 cm] 
.625 1.6 cml 
.625 1.6 cml 
.6 2 5 1.6 cml 
.625 1.6cml 
.75 1.9cm| 
BOTTOM 
c - SIDE       VIEW 
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FIGURE 3-   MICROSTRUCTURE OF 
LOW   SULFUR    A737B 
100 X 250 X 
QUENCHED    &   TEMPERED 
^ 
•m ^. 
100 X 250  X 
b -  NORMALIZED 
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FIGURE 4-SECTIONING   DIAGRAM  FOR 
THE   NORMALIZED   PLATES 
a- C1 orientation - Will yield tensile and charpy specimens 
oriented transverse to the rolling direction and 
longitudinal to the prestrain. 
R.D. I7.6 cml 
H 18' [45.7cml 
b- C2 orientation -Will yield charpy bars oriented transverse 
to the rolling direction and transverse to the prestrain. 
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FIGURE 5   - STRIP   TENSILE    DIMENSIONS 
TOP VIEW 
W 
h 
^_ 
H 
H 
END VIEW 
& 
L - Strip Length 
G ~~ Gage Length 
C ~ Grip Section       Width 
W - Gage Section       Width 
T — Strip Thickness 
// 
18.0 
9.5 
it 
2.75 
2.375 
.50 
C45.7 cm) 
(24.1 cm) 
(7.0 cm) 
(6.0 cm) 
(1.3 cm) 
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FIGURE 6 
TENSILE  & CHARPY  BAR ORIENTATION 
a-BARS  ORIENTED   TRANSVERSE   TO    R.D.    AND    STRAIN 
 ^ 
to 
0) 
Q 
<0 
>  
£ 
R.D. 
-o 
-* 
O 
^ 
H 
9.5' [24.1 cml H 
b-BARS    ORIENTED   TRANSVERSE   TO   R.D.  &   LONGITUDINAL   TO    STRAIN 
■-I 
[127cm 
V 
Charpies A 
2.375' [6.0 cml 
.75''f 
|1.9cml 
Tensiles A 
3* —H I7.6cm|      I 
45 
800- 
P 
A737B 
110 
700- 100 
0. 
c 
I— 
V 
e/3 
c 
»£ 
■a 
> 
600 
90 
— 80 
to 
500- 
—J 70 
400 
60 
50 
300 
025 10        025 10 025 10 
Strain Strain + Age     Strain+Age-t-S.R. 
Figure 7 
Yield strength and tensile strength for the 
various test conditions. 
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50 
25- 
0 
o-o- Tr 35 mil; 0% strain 
D-D- Tr 35 nil; 2% strain; longitudinal 
A-& - Tr 35 mil ; 5% strain; longitudinal 
o-o- Tr 35 mil; 10% strain longitudinal 
A737B  _ 
-25 
o 
°.-50 
l_ 
*■- 
O 
°- -75 
c p 
Tr 50 ft-lb; 0% strain 
Tr 50 ft-lb; 2% strain; longitudinal 
Tr 50 ft-lb; 5% strain; longitudinal 
Tr 50 ft-lb; 10% strain; longitudinal 
-125 
-150 
-175 
i00 
50 
— 0 
■50 
o 
•100 
-150 
-200 
-250 
As Received   Strained     Strain-f-Age   StrainfAge+S.R. 
Rgure 8 
50  ft-lb   (68 J)   and  35 mil   (.89 mm)   Transition Temperatures 
for  the various   test   conditions.   (Percent  strain  and 
specimen orientation are given at  the  top   left  of  the 
diagram.) 
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50 
25 
0 
-25 
O—O - Tr 35 ml; OS strain 
D-D - Tr J5 ml; 2% strain.; transverse 
4-Yl - Tr 35 rail; 5% strain; transverse 
O-O - Tr 35 rail; 10% strain; transverse 
Tr 50 ft-lb; 0% strain 
Tr 5C ft-lb; 2% strain; transverse 
Tr 50 ft-lb; 5% strain; transverse 
Tr 50 ft-lb; 10% strain; transverse 
A737B     _ 
o 
0 
-50 
O) 
k. 
Z3 
^- 
a 
i_ 
O) 
Q. 
-75 b 
.0J H 
c 
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-100 in 
c 
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-125 
-150 
-175 
— 0 
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50 
-50 
Li. 
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-150 
-200 
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As Received   Strained      Sirain+Age   StrainfAge+S.Fl 
Figure 9 
50 ft-lb (68 J) and 35 mil (.89 mm) Transition Temperatures 
for the various test conditions.  (Percent strain and 
specimen orientation are given at the top left of the 
diagram. 
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Figure 10 
50 ft-lb (68 J) Transition Temperature for the various test 
conditions, showing the effects of specimen orientation with 
respect to strain.  (Percent strain and specimen orientation 
are given at the top left of the diagram.) 
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Charpy transition temperature curves for indicated condition, 
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b - Lateral Expansion vs. Temperature 
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Charpy transition temperature curves for the indicated 
condition. 
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b - Lateral Expansion vs. Temperature 
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b - Lateral Expansion vs. Temperature 
56 
200 
^ 180 
^   160 
CD 140 
a   120 
UJ 
g°   100 
o 
en 
CD (X 
>- 
C5 
C£ 
LU 
UJ     20 
1 
ASTH A737 
■ ■     1 
3RR0E B 
■ TRANSVERSE TO R0 
TRANSVERSE TO STRAIN 
' PRESTRfllN _ o .0 
miHG  TEMP 370 C 
■ SR TEMP = 620 C 
-250 
FIGUREI8A 
-200 -150 -LOO -50 
TEST TEMPERATURE (DEG C) 
-200    -150    -LOO     -50 
r_T„11„r_l0   TEST TEMPERATURE ( DEG C) FIDUREI8B 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
57 
160 
CO 140 
LU 
_J 
ZD i?o CJ 
~) 
- 
1UU 
o 
LU 
etc 80 
ro 
CO 
0U fin (X 
>- 
a 4U 
QC 
LU 
LU 20 - 
RSTH 073*7 GRADE 0 
1        1 l  * 
X 
TRANSVERSE TO RO 
LONGITUDINAL TO 5TR 
PRESTRAIN - 2.0 
- AGING TEMP = 0-0 C / 
SR TEMP = 0.0 C /* 
/x 
- 
x 1 x / 
/ * 
- 
737B 
i I*       i 
-250 
FIGURE 19A 
-200 -150 -LOO -50 
TEST TEMPERATURE (DEG C) 
50 
2.0 
_ 1-8 
|   1.6 
1-4 
2   1.2 
CO 
cf   1-0 
Q_ 
LU       ,0 
.6 
• 4 
• 2 
0.0 
ex 
LU (— 
CX 
_J 
ASTM A737 CRADE B ' I 1 1   x 
X ■ TRANSVERSE TO R0 
LONGITUDINAL TO 5TR */""* ■ PRESTRAIN = 2.0 ,/ 
AGING TEMP = 0.0 C 
■ SR TEMP z 0.0 C X / 
- 
/x 
- 
- 
x / x/ 
■ 
|X       x_-^ ^-^    X 1 
X 
X 
1 
737B 
i 
-250 
FIGURE 19B 
-200 -150 -100 -50 
TEST TEMPERATURE (DEG C) 
50 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
58 
CO 
UJ 
180 
160 
140 
120 
o 
UJ   100 
CD 
CYL 
a 
CO 
CXI 
cr 
80 
60 - 
40 
>- 
Cjj 
a: 
LU 
LU    20 
flSTM A737 GRADE B 
1 1 I 
X 
X 
. TRANSVERSE T0 RD 
LONGITUDINAL TO STR 
PRESTRRIN = 2-0 
RGING TEMP -  370 C 
SR TEMP :0.0C 
- 
A 
- 
- X / X - 
|X          1 1 1 737B i 
-250 
FIGURE 20A 
-200 -150 -100 
TEST TEMPERATURE 
-50 
(DEG C) 
50 
CO 
cr 
a_ 
X 
UJ 
cr 
on 
UJ 
3-0 
2-8 
2-6 
24 
2-2 
20 
1.8 
1-6 
1.4 
1-2 
1-0 
• 8 
• 6 
.4 
•2 
O.Q 
1      1 
RSTM R737 GRADE B 
1 1 
TRANSVERSE TO RD 
LONGITUDINAL TO STR 
PRESTRflIN - 2-0 
AGING TEMP r 370 C 
SR TEMP r 0.0 C 
X 
• 
/x 
: 
1 
737B 
IK          | 
250 
-200 -150 -100 -50 
TEST  TEMPERATURE  (DEG C 
o 50 
FIGURE 20B 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
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Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
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67 
50 
/ 
CO 
LU 
a 
UJ 
en 
O 
CO 
00 
LU 
Z 
LU 
100 
80 
60 
H5TH R757 GRRDE B 
TRANSVERSE  TO RO 
TRANSVERSE TO STRAIN 
PRESTRRIN  =   10.0 
RGING TEMP  =  370 C 
SR  TEflP rfl.OC 
-250 
FIGURE 29A 
-200 -'50 -100 
TEST  TEMPERATURE 
-50 
DEG C) 
-200 -150 -LC0 50 
TEST TEMPERATURE  (DEG C) 
FIGURE 29B 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
68 
10U 
PSTH A737 3RADE B 
l                     1 1 
X 
X 
—   160 -   TRANSVERSE TO RD 
cO TRANSVERSE TO STRAIN X LU 
^   140 PRE5TRAIN AGING TEMP 
=   10.0 
= 370 C / 
a 
—i SR   TEMP = 520 C / x J   120 / 
a 
LU   100 / 
CD /   x C£ /          X O    80 - 
cO 
03 
^     60 8/ - 
>- 
a:     40 - - 
LU X ./ 
~Z. 
LU    20 
737B 
n ix i 1 i 
-250 
FIGURE 30A 
-200 -150 -100 
TEST  TEflPERRTURE 
-50 
(DEG- C) 
50 
o 
CO 
ex 
Q_ 
X 
LU 
(X 
en 
LU 
^— 
3.0 
2-8 
2-6 
2-4 
2-2 
2.0 
1-8 
1-6 
1-4 
1-2 
1-0 
•8 
• 6 
• 4 
•2 
0.0 
i r~ 
R5TM 0757 GRADE B 
TRANSVERSE TO RD 
TRANSVERSE  TO STRAIN 
PRESTRAIN  =   10.0 
AGING TEMP =  370 C 
SR  TEMP = 620 C 
737B 
-250 
FIGURE30B 
-200 -150 -100 -50 
TEST TEMPERATURE (DEG C) 
50 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
69 
120 
£ 100 
3    80 
GRROE 8 
a 
LU 
aa 
o 
to 
flD 
a: 
>- 
a: 
UJ 
LU 
TRANSVERSE TO RD 
LONGITUDINAL TO 5TR 
PRESTRRIN -   10.0 
RGING TEMP =  0-0 C 
SR TEMP r 0.0 C 
60 
-250 
FIGURE 31A 
-200 -L50 -100 -50 
TEST TEMPERRTURE  (DEG C) 
o 
CO 
(X 
Q_ 
X 
LU 
2.0 
1.8 
1-6 
1-4 
1-2 
1-0 
.8 
<X 
LU 
I— 
ex 
R5TM R757 CRPOE S 
TRANSVERSE TO RD 
LONGITUDINAL TO  STR 
PRESTRRIN = 10.0 
RGING TEMP -  0.0 C 
SR TEMP rfl.OC 
FIGURE3IB 
-200 -150 -100 -50 
TEST  TEMPERRTURE  (DEG C) 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
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Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
71 
160 
cO 140 
LU 
_J 
ZD i?n C_) 
~) 
100 
CD 
LU 
80 
o 
CO 
cXJ RO 
LL 
V- 
C5 4U 
o: 
LU 
20 
R5TH 0737 CRROE B 
TRflNSVcRSE TO RD 
LONGITUOINAL TO STR 
PRESTRRIN = 10.0 
RGING TEMP = 370 C 
SR TEMP - 620 C 
-250 
JJL 
-200 -150 
737B 
-too -50 
FIGURE 33A 
TEST  TEMPERRTURE  (DEG C 
50 
o 
t—t 
CO 
CL 
CL. 
X 
LU 
LU 
I— 
d 
3-0 
2-8 
2-6 
2-4 
2-2 
2.0 
1-8 
1.6 
1.4 
1-2 
1.0 
.8 
.6 
.4 
• 2 
0-0. 
1                1 
RSTM R737 GRADE B 
1 1 1 
X 
X 
TRANSVERSE TO RD 
LONGITUDINAL  TO STR 
PRESTRRIN _   10.0 
RGING TEMP = 370 C 
SR  TEMP = 620 C 
/a 
*/ 
/ x 
' x^ 
1. 1 
737B 
I*                  i 
-250 -200 -150 -100 -50 
TEST  TEMPERRTURE  (DEG C 
o 50 
FIGURE 33B 
Charpy transition temperature curves for the indicated 
condition. 
a - Energy Absorbed vs. Temperature 
b - Lateral Expansion vs. Temperature 
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Figure 34  Condition:  Normalized (0% strain) 
Electron micrograph showing the general structure 
of the normalized material.  Notice the dual 
precipitate size distribution. (46,000 X) 
73 
Figure 35  Condition:  Normalized (0% strain) 
Electron micrograph of the same area as Figure 34 
at a higher magnification.  (80,000 X) 
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Figure 36  Condition:  Normalized (0% strain + Aging 
Cycle.  Electron micrograph of the general structure 
of A737 Grade B in the aged condition.  Notice the 
precipitation on the dislocation tangles that occurred 
during the aging cycle.  (46,000 X) 
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Figure 37  Condition:  10% Strain (0% strain) + Aging 
Cycle.  Dark field electron micrograph of the same 
area as Figure 36.  Note how the precipitates on the 
dislocation array are imaged in dark field.  (46,000 X) 
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Figure 38  Condition:  10% Strain. 
Electron micrograph showing the heavy dislocation 
structure introduced by the prestrain.  (46,000 X) 
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Figure 39  Condition:  10% Strain. 
Electron micrograph showing the general precipitate 
structure.  Note the dual size distribution with the 
small precipitates being,uniformly distributed 
throughout the matrix. (46,000 X) 
Figure 40  Condition:  10% Strain. 
Dark field electron micrograph of the same area as 
Figure 39.  Several of the small matrix precipitates 
are illuminated, along with some of the larger aligned 
precipitates.  (46,000 X) 
/ 
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Figure 41  Condition:  10% Strain. 
STEM micrograph, again showing the general character- 
istics of the precipitate morphology.  (50,000 X) 
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Figure 42  Condition:  10% Strain. 
STEM micrograph of the same area as in Figure 41, 
at a higher magnification to show the dual size 
distribution more clearly.  (100,000 X) 
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Figure 43  Condition:  10% Strain + Aging Cycle. 
Electron micrograph of the dislocation structure, with 
some precipitation seen on the dislocations.  The 
white spots are probably locations from which precipi- 
tates were pulled out during specimen preparation. 
(60,000 X) 
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Figure 44  Condition:  10% Strain + Aging Cycle. 
Electron micrograph of the dislocation sub-structure 
with precipitation seen on the arrays.  (46,000 X) 
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.Figure 45  Condition:  10% Strain + Aging Cycle. 
Dark field electron micrograph of the same area as 
Figure 44.  The dislocation structure is clearly 
shown.  (46, 000 X) 
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mf'"^ <     • 
Figure 46  Condition:  10% Strain + Aging Cycle. 
High magnification electron macrograph of the strained 
and aged material.  The dislocation structure is shown. 
(170,000 X) 
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Figure 47  Condition:  10% Strain + Aging Cycle 
Dark field electron micrograph of the same area as 
Figure 46.  The matrix precipitation is clearly 
shown, even though they were difficult to image in 
the bright field of Figure 46.  (170,000 X) 
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